1. Introduction {#sec1}
===============

Advancement in nanotechnology has exposed man to a better understanding of the properties of nanomaterials and their applications. The promising research results have encouraged greater depths of exploring a variety of methods of synthesizing semiconductor nanoparticles. Some of the factors that must be considered in choosing a synthesis route are the method\'s novelty, rate and cost of production as well as the possibility of large-scale production \[[@bib1], [@bib2]\].

High-quality powders have been conveniently synthesized by wet chemical methods. Solution combustion synthesis (SCS) is one of the most effective wet chemical methods of synthesizing nanoparticles. In the method, metal nitrates are used alongside suitable amino acids (reducing agent) that act as fuel. SCS involves a self-sustaining exothermic reaction that is usually started off by heating the mixture into self-ignition and makes the method fast, convenient and energy-saving. This route is termed as a low-temperature synthesis because the reactants can be heated using a common table-top hot plate, unlike most solid-state methods that require specialized heating equipment \[[@bib1], [@bib2], [@bib3], [@bib4], [@bib5]\].

Among the solar energy technologies, perovskites are among the fastest-growing with their efficiencies having increased from 3.8 % in 2009 to the current 25.2 %, with a possible theoretical efficiency mark of 30 % \[[@bib6], [@bib7], [@bib8], [@bib9]\]. Perovskites have a cubic structure of the form ABO~3,~ where A and B are metals. The perovskite structure is characterized by flexible bond angles that are usually prone to a variety of distortions from the ideal structure. This structure is also found in many high-temperature semiconductors that have three or more metals. In these materials, the oxygen content usually determines the type of ceramic formed ranging from being an insulator to a superconductor \[[@bib10], [@bib11]\].

Material scientists have developed a keen interest in the exceptional properties of perovskites. In the microelectronics and telecommunication sectors, perovskites are used in the manufacture of sensors, lasers, fuel cell electrodes, photo-electrolysis and memory devices. Some key aspects of perovskites include their high absorption coefficients as well as the low production cost \[[@bib10], [@bib12]\]. Earlier studies have shown that perovskite solar cells face challenges of stability and fast degradation in the environment. Recent studies and research have produced promising results towards the fabrication of commercially viable perovskite solar cells that will probably address these earlier challenges \[[@bib13], [@bib14]\].

A lot of research work has been conducted on zinc and zirconium compounds especially their phosphor oxides. Zinc oxide (ZnO) has been widely studied mainly for its applications in solar cells \[[@bib12], [@bib15]\]. Zirconium oxide (ZrO~2~) being one of the most abundant compounds on the earth\'s crust and is used in the manufacture of ceramics, dentistry as well as a gemstone due to its high refractive index. ZrO~2~ is also used in piezo electronics and as a solid electrolyte in electrochromic devices \[[@bib16], [@bib17], [@bib18]\]. Due to the desired optical properties, ZnZrO~3~ perovskite has been used in photocatalysis and its further development would possibly be useful in the fabrication of PSCs \[[@bib19]\].

The reaction between two or more constituent materials with different physical or chemical properties produces a composite material whose characteristics are significantly different from those of the constituents. These composite materials have demonstrated enhanced optical properties and better stability in comparison with the single-phase constituent materials \[[@bib20]\]. This study sought to synthesize zinc zirconate nanocomposite by a less traditional route involving solution combustion, then investigate its structural and optical characteristics. To the best of our knowledge, there is no report on the use of the SCS method in the synthesis of zinc zirconate nanocomposites. Further, there is no study that has reported the use of zirconium butoxide as a precursor in the synthesis of the nanocomposite.

2. Materials and methods {#sec2}
========================

The zinc zirconate composite was prepared using analytical grade zinc nitrate from Merck and zirconium butoxide from Aldrich. Citric acid, nitric acid, and ammonia of analytical grade from Merck were also used. The synthesis was carried out by oxidizing 1.0 ml of zirconium (IV) butoxide with 2.677ml of concentrated nitric acid and the explosive reaction allowed to complete in an Alphalab fume chamber. 50 ml of water were added and the solution was magnetically stirred for 30 min. Eight such solutions were mixed with varying amounts of zinc nitrate dissolved in 50 ml of water. 1 g of citric acid was added into each solution then the pH adjusted to 7 using ammonia solution. The mixtures were stirred continuously for 1 h then heated to self-combustion using a Labcon hot plate, model MSH10. Each of the resulting powders was crushed then calcined at 600 °C for 2 h, a temperature observed by Ramos-Guerra et al \[[@bib21]\] to produce better crystallinity especially for the ZrO~2~ phase.

[Figure 1](#fig1){ref-type="fig"} illustrates the synthesis method used in this study. The properties of the nanocomposite powders were investigated using various characterization techniques. X-ray diffraction (XRD) data were collected using a Phillips Bruker D8 X-ray diffractometer with CuKα radiation of 0.1506 nm at a scan speed of 0.012 per min in steps of 0.01° between 10° and 70°. Scanning electron microscopy (SEM) characterization was done using Jeol JSM-7800F Field Emission SEM equipped with Oxford Aztec EDS and Gatan Mono CL4 while a Philips CM 100 system was used for transmission electron microscopy (TEM). Diffuse reflectance was obtained using a Lambda 950 PerkinElmer UV WinLab Spectrometer within the wavelength range of 200 and 800 nm. The photoluminescence (PL) characteristics were determined using a Hitachi Model F-7000 FL Spectrophotometer fitted with a xenon lamp within the range of 200--1000 nm.Figure 1Schematic synthesis for zinc zirconate nanocomposite.Figure 1

3. Results and discussion {#sec3}
=========================

3.1. Structural analysis of the composite by X-ray diffraction {#sec3.1}
--------------------------------------------------------------

[Figure 2](#fig2){ref-type="fig"} shows the diffraction patterns of the annealed composite samples. The patterns were deconvoluted using Fityk software \[[@bib22]\] and collated in order to establish independent peak profiles for each of the phases in the composite in order to determine profile characteristics. For each phase, the first three major peaks were used in this investigation. The material was identified by comparing the XRD patterns with the existing International Centre for Diffraction Data (ICDD) reference files. The process revealed mixed phases of cubic zirconium oxide and hexagonal zinc oxide nanocrystallites as inferred from ICDD cards 81--1551 and 75--1526 respectively. In the samples prepared using higher ratios of Zr^4+^ ions, an emerging zinc zirconate perovskite peak inferred from card 32--1482 was observed at an angle of 28.2°. The identification of all the major diffraction peaks that were observed is an indication of the purity of the synthesized nanoparticles.Figure 2The XRD patterns of the samples prepared using different precursor ratios against the matching ZnO (brown) and ZrO~2~ (navy blue) reference files.Figure 2

The use of different precursor ratios produced similar patterns with slight variations in the peak positions, their intensities as well as the width, leading to different crystalline features. The peaks were generally broad indicating the formation of nano-range particles and were in agreement with those obtained in similar studies \[[@bib19], [@bib23]\].

The Scherrer [Eq. (1)](#fd1){ref-type="disp-formula"} \[[@bib16], [@bib24]\] and the Delft model [Eq. (2)](#fd2){ref-type="disp-formula"} for sample broadening \[[@bib25]\] were used on each of the peak profiles to determine the crystallite size and strain respectively.$$\text{Crystal~size,~}D = \frac{k\lambda}{\ \beta\ cos\theta}$$$$\ \text{Crystal~strain,}\ \varepsilon = \frac{\beta}{\ 4\ tan\theta}$$where $D$ is the crystal size, *β* is the peak broadening of full width at half maximum (FWHM), λ is the wavelength of X-ray radiation used (1.5406 Å), while θ is the Bragg\'s diffraction angle and *k* is a dimensionless constant that is dependent on the shape of the crystallites.

The Bragg\'s equation, $n\lambda = 2d\ sin\theta$ was used to determine the interplanar spacing, *d*. The lattice parameters of crystals were calculated depending on the crystalline structure of that phase of the material \[[@bib26]\].

[Table 1](#tbl1){ref-type="table"} presents the characteristics of cubic ZrO~2~ crystals. The major crystal planes of the zirconia phase that corresponded to (111), (220) and (311) were observed around 30°, 50°, and 60° respectively. From the figure, the ZrO~2~ peak intensities were seen to increase with enhanced Zr^4+^ ion concentration. There was a general shift in the peak positions towards longer wavelengths and a decrease in the crystallite size of the zirconia nanoparticles as the Zn^2+^/Zr^4+^ ratio increased. This was associated with a slight decrease in the interplanar spacing *d* as well as the corresponding lattice constant *a,* as illustrated in [Table 1](#tbl1){ref-type="table"}. The average values obtained in this study for *d* and *a* were 2.07 Å and 5.03 Å respectively, which are slightly smaller than 5.152 Å of the bulk zirconia. Such a deviation was attributed to the presence of micro-strains in the particles or the influence of the solid solutions formed within the mixture.Table 1ZrO~2~ crystal characteristics.Table 1XRD Analysis for ZrO~2~Sample Zr: ZnAverage D, nmStrain ε ×10^−3^Average d, (Å)Lattice constant a (Å)1 : 0.419.244.7832.0795.0521 : 0.617.155.3462.0795.0521 : 0.816.495.5262.0665.0251 : 1.018.544.9382.0665.0241 : 1.215.116.0542.0685.0281 : 1.413.936.6592.0665.0251 : 1.615.355.9572.0635.0171 : 1.813.636.7092.0595.011

[Table 2](#tbl2){ref-type="table"} shows the properties of the hexagonal ZnO phase. The (101) plane around 36° was the most distinct ZnO peak in the material. For the second and third peaks, there were a gradual shift in the preferential orientation between the (103), (110), (100), (002) planes as the Zn^2+^/Zr^4+^ ratio increased. Comparatively, the intensities of ZnO peaks were seen to increase with the enhanced concentration of the Zn^2+^ ions as more particles get preferentially aligned within those planes.Table 2Crystallite properties of the deconvoluted ZnO peak profiles.Table 2ZnO XRD AnalysisSample Zr: ZnAverage D, nmStrain ε ×10^-3^Average d, (Å)Lattice Constants a b (Å)1 : 0.447.751.8081.8143.0885.3491 : 0.656.442.1232.6103.1255.4131 : 0.864.631.8122.5933.1055.3781 : 1.057.161.7172.2243.1215.4061 : 1.246.292.1692.2243.1275.4151 : 1.456.491.7912.2683.1785.5051 : 1.653.442.2262.5913.1035.3741 : 1.854.252.1742.5863.0965.362

It was noticed that there was a general shift of the position of the peaks towards longer wavelengths as the Zn^2+^/Zr^4+^ ratio was increased. This was characterized by an increasing trend in the FWHM of the peaks and an associated decrease in the crystallite sizes of the nanoparticles. The average values obtained for *d*, *a* and *c* were 2.36, 3.12 and 5.40 Å respectively; which was a slight variation from the reference 3.22 and 5.20 Å for *a* and *c* respectively.

3.2. Morphology and compositional analysis {#sec3.2}
------------------------------------------

[Figure 3](#fig3){ref-type="fig"}(a-c) shows selected SEM images of the nanocomposite. From the micrographs, it is observed that the texture and surface features of the nanocomposites were heavily dependent on the ratio of the precursors used in the synthesis.Figure 3SEM images at (a) Zr: Zn = 1: 0.6 (b) Zr: Zn = 1: 1 (c) Zr: Zn = 1: 1.6 precursor ratio 3(d) TEM image showing crystallites and nanorods at Zr: Zn = 1: 1.6 precursor ratio. The size of the rods in (b) and (c) had average dimensions of 350 by 100 nm.Figure 3

At a lower concentration of Zn^4+^ ions, the micrograph in [Figure 3](#fig3){ref-type="fig"}(a) shows a highly agglomerated spongy surface. It depicts uneven branched formations characterized by rough texture. [Figure 3](#fig3){ref-type="fig"}(b) displays a crystalline material of high porosity in which the particles are better aggregated as compared to samples with lower ratios of Zr^4+^. The morphology of the sample in [Figure 3](#fig3){ref-type="fig"}(c) shows a further reduction in the density of agglomerates and enhanced crystallinity with the increasing percentage of the Zr^4+^ with nanorod formations.

[Figure 3](#fig3){ref-type="fig"}(d) shows a selected TEM image of the nanocomposite. In the micrograph, the cubic and hexagonal structures, as well as nanorods, are seen confirming the polycrystalline nature of the nanocomposite. The average dimensions of the nanorod particles as determined by both SEM and TEM were about 350 nm by 100 nm. Comparing these dimensions with the crystallite sizes in Tables [1](#tbl1){ref-type="table"} and [2](#tbl2){ref-type="table"}, it was concluded that the particles were indeed polycrystalline.

[Figure 4](#fig4){ref-type="fig"} (a) shows the elemental composition of one of the samples. The results established Zn, Zr and O peaks in the spectra confirming the presence of elements in a fair stoichiometric ratio. From the maps, it was seen that there is no other element present in the composite, apart from the carbon coating used in the sample preparation film. The micrograph in [Figure 4](#fig4){ref-type="fig"}(b) further shows that there was a fair and homogeneous distribution of the elements within the composite.Figure 4(a) The elemental composition (b) spectrum map at Zr: Zn = 1: 1 precursor ratio.Figure 4

3.3. Optical properties from photoluminescence analysis {#sec3.3}
-------------------------------------------------------

[Figure 5](#fig5){ref-type="fig"} shows the excitation spectra of the nanocomposites. The samples exhibited a prominent excitation peak at 276 nm and a minor one at 322 nm. These excitation peaks had a reduced intensity as the concentration of Zn^2+^ ions increased, leading to the conclusion that they must be originating from the ZrO~2~ in the matrix. The material was probed at 276 nm and the emission spectra, whose prominent peak was observed at 409 plotted in [Figure 6](#fig6){ref-type="fig"}. This prominent peak was attributed to the band to band transition of ZrO~2~ within the composite. There were variations both in shape, intensity and peak position in the spectra depending on the ratio of the precursors. For the samples synthesized using a higher Zr^4+^ ion concentration, the emission peaks were sharper, more intense and red-shifted. These peaks broadened towards longer wavelengths due to the emergence of other peak profiles as the ratio of the Zn^2+^ ions increased, with the broadening associated with absorptions due to charge transfer within the compositeFigure 5The excitation spectra peaks of the nanocomposite at 413 nm.Figure 5Figure 6(a) Emission spectrum of the composite at varying ratios of the precursors while inset (b) is the deconvoluted Zr:Zn = 1:0.4 profile showing peaks at 409, 434 and 480 nm.Figure 6

The inset in [Figure 6](#fig6){ref-type="fig"} shows a deconvoluted profile at 409 nm which depicted other minor emission peaks around 434 and 480 nm \[[@bib27], [@bib28]\]. According to Selvam et al \[[@bib29]\], these emissions are associated with deep traps arising from electron-hole pair recombination found deep inside the energy bandgap. These peaks became more dominant as the concentration of Zn^2+^ ions increased, indicating a higher density of defects or oxygen vacancies in ZnO within the matrix.

3.4. UV-vis analysis {#sec3.4}
--------------------

Metals are known to have a high reflectance in the infrared region, which reduces relatively in the visible range and absorb radiations past the plasma frequency \[[@bib30]\]. [Figure 7](#fig7){ref-type="fig"}(a) shows the UV reflectance spectrum of the composite. There were minor absorption peaks around 320 nm as reported by Ivanova et al \[[@bib31]\] which they attributed to excitonic transitions in the mixed phases. By extrapolating the straight sections of the sharply falling absorbance curves in [Figure 7](#fig7){ref-type="fig"}(b), the absorption edges of the composite were determined. These edges stretched more into the longer wavelengths than those reported by Xinhua Zhu et al \[[@bib32]\], by extending from 394 nm up to 427 nm, with a minor one around 500 nm whose intensity increased with enhanced Zn^2+^ ions as observed in the PL analysis. There is a significant red-shift in the absorption edges as the Zn^2+^/Zr^4+^ ratio increased.Figure 7(a) UV percentage reflectance (b) absorbance spectra showing the range absorption edges in the composite.Figure 7

An increase of the photon energy beyond the energy bandgap of a semiconductor promotes most of the electrons into the conduction band causing a sudden increase in the absorbance. The reflectance of the composite is relatively high for wavelengths above 409 nm since the photon-energy is unable to excite many electrons into the conduction band.

Using the Kubelka-Munk function, the energy bandgap was determined as illustrated in [Figure 8](#fig8){ref-type="fig"}. It was found that the energy bandgap lies between 2.81 and 3.12 eV, which is in the same range as that obtained in other studies \[[@bib23], [@bib32]\]. The figure shows that there was a general decrease of the energy bandgap with increasing Zn^2+^/Zr^4+^ precursor ratios which is an advantage that composites have over any of the single-phase constituent materials. The energy band gaps of the nano-powders can, therefore, be conveniently tuned by varying the Zn^2+^/Zr^4+^ precursor ratios. The synthesized nanocomposite can as well be used in the photocatalytic treatment of water and the removal of dyes \[[@bib19], [@bib33]\].Figure 8Kubelka-Munk function of the composite for determining energy bandgap.Figure 8

4. Conclusion {#sec4}
=============

The solution combustion route was successfully used to synthesize a nanocomposite consisting of mixed phases of zinc oxide, zirconium oxide, and zinc zirconate nanoparticles. As the Zn^2+^ ion concentration increased, the highly agglomerated morphologies gradually developed crystalline aggregates mixed with nanorods, while the intensity of the major emission peak at 409 nm decreased. Depending on the composition of the nanocomposites, there was a tunable energy bandgap ranging from 2.81 and 3.12 eV. The study, therefore, showed that the nanocomposite properties can be influenced through the control of the precursor ratios. If these blue-emitting phosphors are doped with rare earth metals, the nanocomposites can be used within a wide range of photon energies in efficient white-light-emitting applications. A further investigation of the synthesis parameters like the pH, fuel and synthesis temperature is needed so as to enhance the yield of the ZnZrO~3~ perovskite phase for possible application in solar cells.
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